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Abstract: In this study, based on the classical Archard adhesion wear theory, a three-dimensional finite element
model was established, with the aim of simulating the failure process of self-lubricating spherical plain
bearings in the swinging wear condition. The results show that the self-lubricating spherical plain bearings go
through two different stages during the wear process, namely, initial wear stage and stable wear stage. Because
the large contact points wear out during the initial wear stage, the maximum contact pressure decreases as the
test period increases. The relatively larger wear depth region shows elliptical distribution, and the maximum
distribution appears in the central contact area. The wear depth reaches 0.974 mm after swinging 25,000 times.
PTFE fibers, which possess a good friction performance but poor abrasion resistance, abundantly exist on the
friction surfaces of the fabric liner. Consequently, the friction torque during the initial wear stage is slightly
smaller than the friction torque during the stable wear stage; however, the wear rate during the initial wear
stage is high. The reliability and effectiveness of the finite element model are verified by experiment. The
developed finite element model can be used for the analysis of the wear mechanisms of bearings and the
prediction of the service life of bearings.
Keywords: spherical plain bearing; wear mechanisms; wear depth; contact pressure; simulation

1

Introduction

A self-lubricating spherical plain bearing, as a type of
spherical sliding bearings, comprises a metal inner
ring, outer ring, and self-lubricating fabric liners. Owing
to their compact structure, small friction coefficient,
and strong impact resistance, self-lubricating spherical
plain bearings have been widely used in aircraft
landing gears, railway locomotives, brake vibration,
and in shock absorption system [1−4].
At present, it is generally believed that the abrasive
wear of fabric liners is the main reason for the failure
of self-lubricating spherical plain bearings. The wearing
* Corresponding author: Jigang CHEN, E-mail: 24000082@qq.com

of fabric liners enlarges the clearance between the inner
and outer rings of self-lubricating spherical plain
bearings, thus resulting in the vibration of bearings,
low-working accuracy, and even the failure of the
bearings during their service process [5−7].
Experimental exploration is the main method
for investigating the friction and wear properties of
self-lubricating spherical plain bearings at present
[8−10]. In this method, the mechanism of wear failure
is investigated by observing macroscopic phenomena
such as the morphology and composition change of
worn surfaces. However, this experimental exploration
is not only time-consuming and costly but also
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unsatisfactory when it comes to practical problems
such as uneven stress distributions or changeable
working loads during the wear lifespan of fabric
liners [11−15].
Recently, simulation technology based on the finite
element method has been widely used to investigate
wear problems [16−20]. Bortoleto et al. [21] used
finite element software to write user subroutines, and
simulated the material removal process of material in
pin-on-plate tests based on the Archard wear model.
Although establishing the model and writing the
subprogram were very complicated, the analysis results
indicated that the complex nonlinear wear process
could be simulated with a series of discrete quasi static
models. Shen et al. [22] established a two-dimensional
finite element wear model of self-lubricating spherical
plain bearings, which provided an effective way of
predicting the wear life of mechanical components.
However, the two-dimensional model could not reflect
the 3D contact pressure distributions on the whole
wear surface. Lu et al. [23] investigated the influences
of motion types of the bearings on the distributions
of contact pressure by establishing a 3D simplified
model. However, this model could not simulate
the wear profile and progressive wear process of the
bearings.
In this paper, a 3D finite element model of selflubricating spherical plain bearings was established to
simulate the wear behavior of bearings under swing
motion. Based on the analysis of the simulation and
experimental tests, the wear mechanism of the fabric
liner was revealed.

2
2.1

Archard wear model of the fabric liner
Archard adhesive wear theory

The essence of the wear problem is the material loss
produced at the contact surface when relative motion
occurs. At present, the Archard adhesive wear model
is generally used to calculate the wear loss [24]:
V

K
Fn L
H

(1)

where V is the wear volume, K is the adhesive wear
factor, H is the hardness of the material, Fn is the
normal load, and L is the relative sliding distance of

worn surfaces.
Regarding engineering application, the wear
depth offers more practical significance. Therefore, a
differential form of the Archard wear model can be
obtained by dividing both sides of Eq. (1) by a small
contact area s :
dV K Fn
dL

s H s

(2)

where dV / s is the wear depth dh , Fn / s is the
local contact pressure P, and K / H is the linear wear
factor Kd . Here, dL can be replaced by the product
of the relative sliding velocity v and test time dt. Thus,
the local increment of wear depth can be achieved by
the following equation:
dh
 Kd Pv
dt

(3)

The liner wear factor Kd is generally obtained by
experimental methods. However, usually the liner
wear factor Kd varies with the contact pressure P and
relative sliding velocity v. Taking into account the
influence of the relative sliding velocity and contact
pressure, Eq. (3) can be modified, and the wear rate
can be expressed as follows:
w  Kd P m v n

(4)

where w is the wear rate, m is the pressure exponent,
and n is the velocity exponent.
2.2

Pin-on-plat sliding wear test of the fabric liner

In order to obtain the Archard wear model of fabric
liners, the 3-level orthogonal test was carried out on
fabric liners under different loads (50 MPa, 75 MPa,
and 100 MPa) and sliding velocities (1.896 mm/s,
2.528 mm/s, and 3.160 mm/s). The wear test was carried
out on the friction and wear testing machine. The
wear form was a pin-on-plate reciprocating sliding
wear. The upper sample was a cylindrical pin with a
diameter of 4 mm and a length of 12 mm. This testing
machine and schematic diagram of pin-on-plate
reciprocating sliding wear test are shown in Fig. 1.
Before the wear test, the fabric liners were adhered to
steel plates with phenolic-acetal resin. The changes of
wear depth with time were recorded automatically by
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the wear testing machine, and the results are shown
in Fig. 2.

1. force sensor, 2. suspension, 3. pin holder, 4. sample clamp, 5. flat sample,
6. reciprocating stage, 7. cylindrical pin.

Fig. 1 Physical diagram and schematic diagram of wear test of
fabric liners: (a) photograph of the friction and wear tester, and
(b) schematic diagram of pin-on-plate reciprocating sliding wear test.

It can be seen from Fig. 2 that the wear curves of
fabric liners consist of two stages. During the initial
wear stage, the wear of fabric liners is fast and the
plastic deformation on the wear surface is large.
These lead to an increase in the local temperature
and affirm adhesion. During the stable wear stage,
the elastic-plastic contact conditions are established
on wear surfaces, and thus the wear on the surfaces
of fabric liners becomes slower. The two slopes on the
wear curves are calculated, and the calculated results
are taken as the wear rate of the two wear stages of
the fabric liner. The wear rate of the initial wear stage
and stable wear stage of fabric liners under different
pressures and sliding velocities are shown in Tables 1
and 2, respectively.
The wear rates shown in Tables 1 and 2 are fitted
using a formula fitting software. The Archard wear
models of fabric liners during the initial wear stage
and the stable wear stage are obtained as follows:

3
3.1

w1  Kd  P m  V n  2.415  10 8  P1.54  V 0.499

(5)

w2  Kd  P m  V n  5.32  10 10  P 0.94  V 0.98

(6)

Finite element modeling and simulation
Basic definition

Taking XRA12 self-lubricating spherical plain bearing
as an example, the finite element model of a selfTable 1

Wear rate (mm/s) of fabric liners in initial wear stage.

Pressure (MPa)
Sliding
velocity (mm/s)

50

1.896

18.137E-6

11.307E-6 17.124E-6

2.528

55.214E-6

35.185E-6 25.214E-6

3.160

38.231E-6

61.889E-6 27.384E-6

Table 2

100

Wear rate (mm/s) of fabric liners in stable wear stage.

Pressure (MPa)
Sliding
velocity (mm/s)
Fig. 2 Variation curves of wear depth of fabric liners under
different pressures and velocities: (a) 1.896 mm/s; (b) 2.528 mm/s;
and (c) 3.160 mm/s.

75

50

75

100

1.896

1.90262E-6 4.19248E-6 6.44197E-6

2.528

3.58619E-6 3.80271E-6 8.78264E-6

3.160

1.59565E-6 6.18368E-6 9.99676E-6
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lubricating spherical plain bearing in swinging wear
tests is established. The dimensions, motion type and
finite element mesh model of self-lubricating spherical
plain bearing are shown in Fig. 3. As displayed in
Fig. 3(b),  0 indicates the maximum swing motion
angle, which is 25°. The numbers 1–4 in Fig. 3(b) as
well as the arrow directions indicate the four steps in
one swing cycle and swing directions of the pin,
respectively. The swing frequency and swing times
are, respectively, 0.2 Hz and 25,000 revolutions. To
simulate the experimental conditions of the bearing
system, a loading plate and a pin are also implemented
in the modeling, both of which are considered as
flexible bodies. The radial load applied on the loading
plate is 18 kN.
3.2

Materials, contacts and wear definition

The inner ring is made of 9Cr18 stainless steel and
the outer ring is made of 17-4PH stainless steel. The
fabric liner is anisotropic material, which can use
spherical coordinates to define its anisotropic material
properties. The material properties of the bearing are
shown in Table 3.
The bonding contact is set up between the spherical
surface of the outer ring and bonding surface of the
liner, as well as between the cylinder surface of the
outer ring and loading plate. A bonding contact is also
defined between the pin and the inner ring. Hence,
the inner ring rotates with the pin. Frictional contact
between the friction surface of the fabric liner (as
contact surface) and the spherical surface of the inner
ring (as target surface) is defined. The friction

coefficient is set as 0.08, which was obtained from
the pin-on-plat sliding wear test of the fabric liner.
The contact elements and target elements are defined
as CONTA173 and CONTA174, respectively, because
they support modeling wear.
To activate the wear in the contact surface, three
wear parameters (liner wear factor Kd , pressure
exponent m and velocity exponent n) are defined in
the material model via the TB command and assigned
to the contact elements of the frictional contact. The
parameters of Kd , m and n during the initial wear
stage are expressed in Eq. 5, namely Kd  2.415  10 8 ,
m  1.54 and n  0.499 . Similarly, the parameters of
Kd , m and n during the stable wear stage are
expressed in Eq. 6, namely Kd  5.32  10 10 , m  0.94
and n  0.98 . During the swing process of the spherical
bearing, the wear occurs on both the fabric liner and
inner ring. Because the wear loss on the spherical
surface of the inner ring is very small compared with
that of the fabric liner, only mass loss of the fabric
liner is considered in the simulation.
3.3

Steps, load, and boundary conditions definition

The analysis type is set as “static, structural”. Owing to
the large deformation of the fabric liner, the geometric
nonlinear effect is considered.
The swinging wear analysis of self-lubricating
spherical plain bearing can be divided into 3 steps. The
first step is to establish a stable contact relationship
between the contact surfaces of the tested bearing
and gradually apply the radial load. Thus, an equivalent
radial load of 18 kN is gradually applied to the loading

Fig. 3 The schematic diagram of dimensions, motion type and finite element mesh model of the test bearing: (a) dimensions of XRA12
self-lubricating spherical plain bearing, (b) swing motion steps of inner ring, and (c) finite element mesh model.
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Table 3 The mechanical properties of self-lubricating spherical
plain bearing.
Elastic constants Outer ring
E1 (GPa)

210

Inner ring

Fabric liner

203.89

52.04

E2 (GPa)

—

—

4.71

ν

0.24

0.28

0.37

G12 (GPa)

—

—

1.84

G23 (GPa)

—

—

3.45

plate in the negative direction of the y-axis. The
radial load is kept unchanged during the next two
steps.
The second and third steps are mainly to simulate
the swinging wear process of the bearing during the
initial wear stage and stable wear stage, respectively.
A joint rotation is applied on the pin in the z direction,
and it is defined as URZ=25sin(72×time). To prevent
the loading plate from rotating under the friction
force, the displacement boundary conditions of the
loading plate are defined as UX=UZ=URZ=0 (U and
UR indicate the line displacement and the rotation
displacement, respectively).
3.4

Wear simulation routine

To analyze the dynamical wear problem with
finite element method, the entire wear increment is
discretized into many wear steps. For each wear step,
the contact pressure and relative sliding velocity are
calculated according to the contact state of contact
nodes. Thereafter, the wear depth in this wear step is
obtained by Eqs. (5) and (6). Thus, the wear depth of
each node is obtained from the Eq. (7):
h j ,i  h j 1,i  h j ,i

(7)

where h j ,i is the wear depth of node i during the
wear step j, h j 1,i is the total wear depth of node i in
the previous j–1 wear steps, and h j ,i is the total wear
depth of node i in the previous j wear steps.
In the finite element simulation, the material loss
in the contact surface is simulated by moving the
contact node along the opposite direction of the contact
normal. However, the reposition of the contact node
results in a loss of equilibrium or a distorted finite
element mesh, and thus fails in achieving an optimal
solution. Therefore, the mesh is updated when the
node moves such that it exceeds a specific proportion
of the height of the corresponding element. The
boundary displacement method is widely used to
update the mesh in finite element analysis [25]. Figure 4
shows the basic procedures for simulating the wear
evolution process.

4

Results and discussion

4.1 Contact pressure

Figure 5 shows the contact pressure distribution of
fabric liners during both wear stages. During the initial
wear stage, the maximum contact pressure appears
in the middle contact area, and the contact pressure
decreases along both circumferential and width
directions. The higher contact pressure zone demonstrates a continuous and elliptic distribution. Owing
to the ongoing wearing process, the location of the
maximum contact stress does not change. However,
the magnitude of the maximum contact pressure
drops from 226 MPa to 218 MPa, and the distribution
of contact stress is more uniform.

Fig. 4 Basic procedures for simulating the wear evolution process.

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction

Friction 6(3): 297–306 (2018)

302

Fig. 5 Contact pressure distribution of fabric liners after different
swing numbers: (a) 3,000 times and (b) 25,000 times.

The curve of the change in the maximum contact
pressure with swing numbers is shown in Fig. 6. It
can be seen from this figure that the maximum contact
pressure decreases with increasing swing numbers.
It reduces faster during the initial wear stage, and
remains almost stable during the stable wear stage.
The reason for this phenomenon can be explained as
follows: under the action of radial load, the contact
pressure at the small contact area of the contact
center is large, and thus both the plastic deformation
and wear speed here are large during the initial wear
stage. As the running-in time extends, the contact
point in the contact center is gradually flattened, and

Fig. 6 The curve of maximum contact pressure with swing
numbers.

the contact area gradually increases. Thus, the contact
stress decreases and tends to be uniform.
4.2

Wear morphology

Figure 7 presents the wear depth distributions on
the friction surface of the fabric liner after swinging
25,000 times. It can be seen from Fig. 7 that the
wear depth is larger in the middle contact region
and it decreases from the middle region in both

Fig. 7 Wear depth distributions on the friction surface of the fabric liner: (a) wear morphology obtained from simulation, (b) wear depth
along the z direction, and (c) comparison of the friction surface of fabric liner before and after wear.
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circumferential and width directions. The relatively
larger wear depth region also shows elliptic distribution.
The maximum wear depth is 0.0974 mm and it occurs
at the central contact region. The wear depth of
the two border regions is relatively small, which is
0.0746 mm. Therefore, it can be deduced that the
wear failure of the fabric liner occurs first in the
central contact region.
As indicated by Fig. 8, the wear depth of fabric
liners varies with swing numbers. During the initial
wear stage, the amount of wear depth presents a
sharp increase. This indicates that the self-lubricating
spherical plain bearings wear violently at this stage.
When the swing number reaches approximately 3000,
the wear rate tends to decrease with test period.
Additionally, it maintains a relatively steady state
over a long period of time. It can be inferred that the
self-lubricating spherical plain bearing goes through
two different stages during the whole wear process,
namely initial wear stage and stable wear stage. As
shown in Figs. 6 and 8, the change in contact pressure
makes little contribution to the wear depth after the
initial wear stage, and the wear rate remains almost
constant. Hence, it can be inferred that the cumulative
wear of the self-lubricating spherical plain bearing
will reach 0.11 mm (the wear depth of bearing failure)
after swinging 30,956 times. Therefore, the service life
of the self-lubricating spherical plain bearing can be
predicted.

5
5.1

Wear test and results
Swinging wear test of self-lubricating spherical
plain bearing

The swinging wear test is conducted on a self-made
service performance evaluation test machine of selflubricating spherical plain bearings. The photograph
of the swinging wear tester and the schematic diagram
of loading devices are shown in Fig. 9. The outer ring
is fixed and the inner ring swings continuously along
with the pin. The dynamics radial load tests were
carried out according to the aeronautical standards
(SAE AS 81820 and EN2755). The radial load applied
by the loading plate is 18 kN. The swing frequency
is 0.2 Hz, and maximum swing angle is 25°. The

Fig. 8 The curve of the wear depth of fabric liners varies with
swing numbers.

Fig. 9 Physical diagram and schematic diagram of swinging wear
test of self-lubricating spherical plain bearing: (a) photograph of
the swinging wear tester and (b) schematic diagram of loading
devices.

experiments are carried out at room temperature. The
friction torque is recorded automatically by a torque
sensor in the test machine, and the wear depth of
the fabric liner is measured by a displacement sensor
installed under the tested bearing. After the wear test,
the worn surface morphology of the fabric liner is
observed by a confocal laser scanning microscope.
5.2

Wear morphology of the fabric liner

Figure 10 shows the worn surface morphology of the
fabric liner. As seen in Fig. 10(a), the friction surface
of the fabric liner is relatively smooth before the wear
test, and the surface is covered with phenolic resin.
The surface of the resin presents the indentation left
when the fabric liner solidifies. Figure 10(b) shows
that a wear scar exists in the middle contact region
of the width direction after 25,000 times of swinging
wear. Close to the ends of the bearing, the resin layer

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction

Friction 6(3): 297–306 (2018)

304

large number of yellow aramid fibers are exposed on
the surface of the fabric liner. Thus, the wear degree
here is comparatively serious, which is consistent with
the finite element simulation results.
5.3

Fig. 10 The worn surface morphology of the fabric liner:
(a) before wearing out, (b) after swinging 25,000 times, (c) the
region closed to the end of the bearing, and (d) the middle contact
region in the width direction.

on the surface of the liner has been worn off. Most of
the surface area is covered with the black PTFE, and the
yellow aramid fiber is faintly visible. This phenomenon
can be explained as follows: PTFE fibers with poor
wear resistance are easily worn out and form debris
under africtional shearing force. The debris is pressed
and filled in the pits of the friction surface. Because of
the good tribological properties of PTFE material, a
layer of PTFE lubricating film is gradually formed on
the friction surface with increasing amount of PTFE
fibers, which can prevent the direct contact between
the inner ring and the fabric liner. Accordingly, the
wear degree here is relatively small. However, because
of the high contact pressure and frictional shearing
force, the PTFE lubricating film in the middle contact
region of the width direction is quickly fractured. A

Wear depth and friction torque

Figure 11 presents the curve of the wear depth and
friction torque of fabric liners varies with swing
numbers. The wear depth is approximately 0.93 mm
after swinging 25,000 times for self-lubricating spherical
plain bearing. Compared with the finite element
simulation results, the relatively error of the maximum
wear depth is approximately 4.50%. The friction torque
in the initial wear stage is slightly smaller than that
of the stable wear period. However, the wear rate
during the initial wear stage is greater. The reason for
this can be explained as follows: during the initial wear
stage, a large number of PTFE fibers, which possess
good friction performance and poor abrasion resistance,
exist on the wear surface of the fabric liner. These fibers
(mainly PTFE fibers) are extruded and deformed under
the frictional shearing force. However, the debris
produced in the friction process are filled in the
interstices of the fabric liner surface. Therefore, the
wear rate is larger at the initial wear stage, whereas
the friction torque is smaller.
Owing to the development of the wear process, the
proportion of PTFE fibers on the surface of the fabric
liner decreases, while the proportion of aramid
fibers increases. These aramid fibers possess excellent
abrasion resistance. Moreover, the friction surface of
the fabric liner is gradually filled up. Thus, the wear
comes into a relatively stable stage, and the wear rate
becomes small.

Fig. 11 Variation curves of the wear depth and friction torque with swing numbers: (a) wear depth and (b) friction torque.
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uni-directional carbon/epoxy composite. Compos Struct 89(1):

Conclusions

102–109 (2009)

(1) This paper presented both the procedures and
results of the finite element simulation of a 3D
swinging wear problem for self-lubricating spherical
plain bearings. The proposed methods can be used
for analyzing the wear mechanisms and predicting
the service life of these bearings. It also provides a
good reference for simulating all kinds of 3D wear
problems.
(2) The self-lubricating spherical plain bearings
went through two different stages during the swinging
wear process: namely, initial wear stage and stable
wear stage. Owing to the increase of the swing times,
there was an increase in the friction torque and a
decrease in the wear rate. This phenomenon is
attributed to the PTFE fibers existing on the fabric
surface. These PTFE fibers with small friction coefficient
and large wear rate are worn out owing to the
development of swinging wear process.
(3) The magnitude of contact pressure in the central
contact region was the biggest, and it decreased along
both the circumferential and axial directions. Because
of the rapid wear in the central contact zone, the
maximum contact pressure decreased with increasing
of swing numbers.
(4) The maximum wear depth occurred in the
central contact region. This was also the location of the
wear failure zone. The value of wear depth reached
0.0974 mm after swinging 25,000 times.
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